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Figure 1. (A) General labeling mechanisms of the ampicillin- and cephalosporin-based probes. (B) Structures of S-lactam derivatives used for

fluorescence labeling of BL-tag fusion proteins.

glycerol, and 10% mercaptoethanol) and resolved by NuPAGE
(12% bis-Tris gel, Invitrogen). The fluorescence images of the
gels were captured using a digital camera (Nikon COOLPIX
P6000). The gels were stained with Coomassie Brilliant Blue
prior to the capture of images.

Labeling of Cell Surface pcDNA3.1(+)-F'NTEM-
EGFR (BL-EGFR) with Various Probes. HEK293T cells
maintained in 10% FBS in DMEM (Invitrogen) at 37 °C under
5% CO, were transfected with a plasmid coding for BL-EGFR,
which was prepared as described previously (/6), using Lipo-
fectamine 2000 (Invitrogen). After 5—6 h, the culture medium
was replaced with DMEM (without phenol red), and the cells
were incubated at 37 °C for 24 h. The cells were then washed
three times with DMEM (without phenol red) and incubated
with 10 4M labeling probes in a CO, incubator for 30 min for
CA, FA, and RA, or for 2 h for CCD and FCD. The cell nuclei
were co-stained with Hoechst 33342 (100 ng mL™!). After
washing with DMEM containing 10% FBS, cells were incubated
with HBSS, and the fluorescence images were captured with
appropriate filter sets for each of the fluorophores.

Analysis of Fluorescence Images. Labeled cell images with
CA, CCD, FA, and RA were acquired according to the above-
mentioned procedure. 256 x 256 pixels area, where cells were
confluently cultured, was selected at random from the acquired
fluorescence images. The average fluorescence intensity of
different colors per pixel was computed from the selected area
using MetaMorph imaging software.

Multilabeling of Cells with BL-tag and SNAP-tag. Plas-
mids coding for BL-EGFR and COX8-2-SNAP were co-
transfected into HEK293T cells. The cells were then incubated
with FA, SNAP-Cell TMR Star, and Hoechst 33342 in a CO,
incubator for 30 min (final concn of FA, 10 uM; SNAP-Cell
TMR Star, 0.8 uM; Hoechst 33342, 100 ng mL™!), and the
fluorescence images were captured. The detailed procedure was
the same as the procedure followed for the single protein
labeling.

Western Blot Analysis of EGFR and BL-EGFR Ex-
pressed in HEK293T Cells after EGF Stimulation. HEK293T
cells were transfected with BL-EGFR or pcDNA3.1(+)-EGFR
using Lipofectamine 2000. After 5—6 h, the culture medium
was replaced with DMEM, and the cells were incubated at 37
°C for 24 h. Prior to EGF addition, the cells were incubated
overnight in the medium containing 0.5% serum. The cells were

then washed once with PBS (—) and treated with EGF (100 ng
mL™!, Sigma, E9644) for 10 min at 25 °C. After one rinse with
PBS (—), the cells were lysed with 200 4L of 1x SDS gel
loading buffer (50 mM Tris—HCI buffer (pH 6.8), 1.3% SDS,
10% glycerol, and 5% mercaptoethanol). After scraping, the
lysates were boiled at 95 °C for 3 min. Subsequently, samples
were electrophoresed in a 7.5% or 10% SDS-polyacrylamide
gel and transferred to PVDF membranes for Western blot.
Membranes were blocked by 1 h incubation with TBST buffer
(0.01% Tween 20, 138 mM NaCl, 20 mM Tris, pH 7.6)
containing 5% skim milk (for anti-EGFR, anti-$-lactamase, and
anti-B-actin antibodies) or 3% BSA (for anti-EGFR-pY1197
antibody) at room temperature. Then, anti-EGFR (1:500 dilu-
tion), anti-f3-lactamase (1:5000 dilution), anti-EGFR-pY 1197 (1:
500 dilution), or anti-B-actin (1:5000 dilution) antibodies were
added to each membrane. After incubation for 16 h at 4 °C
with shaking, the membranes were washed three times with
TBST buffer, incubated with horseradish peroxidase-linked
secondary antibody, washed with TBST buffer, and visualized
using ECL Western blotting detection reagents.

Immunofluorescence Detection of the Tyrosine Phos-
phorylation on BL-EGFR after EGF Stimulation. Transfected
HEK293T cells were prepared and treated with EGF according
to the above-mentioned procedure. After one rinse with PBS(—),
the cells were fixed with 3.7% formaldehyde/PBS(—) at 25 °C
for 20 min. After two rinses with PBS(—), the cells were blocked
with blocking buffer (PBS containing 5% Goat Serum (Invit-
rogen) and 0.05% NaNs) at 25 °C for 1 h. Anti-EGFR-pY1197
antibody, followed by fluorescein-conjugated goat antimouse
antibody, was used to stain BL-EGFR or EGFR. After mounting,
microscopic images were acquired using a filter set for fluo-
rescein.

RESULTS AND DISCUSSION

Design and Synthesis of Fluorophores for the Labeling
of BL-tag Fusion Proteins. Although it was previously shown
that BL-tag fusion proteins can be specifically labeled with
7-hydroxycoumarin-conjugated 3-lactam probes (Figure 1), the
fluorescence was found to be dim and the excitation wavelength
was short and hindered by the intrinsic autofluorescence of
mammalian cells. The use of brighter and longer-excitation
wavelength fluorophores is advantageous for various functional
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Figure 2. Absorption (black line) and emission spectra (red line) of (A) CA, (B) FA, (C) RA, (D) CCD, (E) FCD, and (F) RCD in 100 mM HEPES
buffer (pH 7.4). In the absorption measurements, the probe concentrations were 5 uM for FA, FCD, RA, and RCD and 10 4M for CA and CCD.
In the absorption measurements, the probe concentrations were 0.5 uM for FA, FCD, RA, and RCD and 1 uM for CA and CCD. Excitation

wavelengths were 405 nm for CA and CCD, 492 nm for FA, 496 nm for FCD, and 553 nm for RA and RCD.

Table 1. Spectroscopic Properties and Calculated Values for FRET of Labeling Probes in 100 mM HEPES Buffer (pH 7.4)

fluorescence quantum

donor—acceptor energy transfer

compound Aabs, max/TM. Aem, max/TML efficiency (@) Forester distance® (Ro)/A distance? (R)/A efficiency® (E)
CA 405 453 0.40 - - =
CCD 400 450 0.006 442 26.3 0.96
FA 492 517 0.71 = - -
FCD 496 520 0.005 434 27.8 0.93
RA 553 575 0.49 - - =
RCD 525, 565 573 0.07 19.6 217 0.12

“ Ry values were derived from the overlap integral between the absorption spectrum of DABCYL and the fluorescence spectrum of CA for CCD, FA
for FCD, and RA for RCD. ? R values were evaluated from the farthest distance between the fluorophore and DABCYL by using the molecular
modeling software. ¢ Energy transfer efficiencies were calculated from the equation E = Ro%/(R,® + R®).

studies using living cells. Therefore, 3-lactam probes conjugated
to fluorescein or tetramethylrhodamine (TAMRA) were designed
and synthesized (Figure 1B). The fluorescence labeling probes
FA and RA were synthesized in one step from ampicillin and
activated esters of the corresponding fluorophores. FCD and
RCD, which were designed to be fluorogenic as well as CCD,
were also synthesized. RCD was synthesized from the activated
ester of the 5(6)-TAMRA isomers and used for the experiments
without separation of the 5(6)-isomers (see Figure S1 in Sup-
porting Information).

Absorption and emission spectra of all S-lactam labeling
probes are shown in Figure 2, and the spectroscopic properties
are summarized in Table 1. FA and RA exhibited similar
spectroscopic properties to fluorescein and TAMRA, respec-
tively. From the Forster radii caluculated from their spectra and
the simulated donor—acceptor distances, the FRET efficiency
was estimated (Table 1). We predicted that FCD fluorescence
would be quenched sufficiently from the FRET efficiency value.
Indeed, FCD was largely quenched by intramolecular FRET

from coumarin to DABCYL (® = 0.005). In contrast, RCD
fluorescence would theoretically not be quenched because
of the limited overlap between the absorption spectrum of
DABCYL and the emission spectrum of TAMRA. Neverthe-
less, RCD fluorescence was considerably quenched (@ =
0.07). This quenching of RCD fluorescence can be ascribed
to the intramolecular association between TAMRA and
DABCYL moieties. We previously reported that, if two
hydrophobic dyes are located in close proximity, self-
quenching occurs due to the close contact of the two dyes in
aqueous solution (29). The fluorescence intensities of FCD
and RCD were recovered by the addition of WT TEM-1 and
BL-tag in a time-dependent manner (see Figure S2 in
Supporting Information). These results indicate that elimina-
tion of the DABCYL moieties occurs by the enzymatic
cleavage of the B-lactam in both cases. The labeling
capabilities of all compounds with BL-tag were confirmed
by SDS-PAGE (see Figure S3 in Supporting Information).
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Figure 3. Labeling of BL-tag fusion proteins with (A) FA, (B) RA, and (C) FCD. HEK293T cells were transfected with a plasmid encoding
BL-EGFR or EGFR. The cell nuclei were costained with Hoechst 33342. For fluorescence microscopic images, the cells were excited at 330—385
nm for Hoechst 33342, 460—490 nm for FA, and 510—550 nm for RA. Scale bar: 20 x«m.
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Figure 4. (A) Multicolor imaging of HEK293T cells expressing BL-EGFR. BL-EGFR, nuclei, and cytosol were labeled with RA (red), Hoechst
33342 (cyan), and CellTracker Green (green), respectively. (B) Multiprobe labeling of HEK293T cells expressing BL-EGFR and COX8-2-SNAP.
BL-EGFR was labeled with FA, COX-8-2-SNAP with SNAP-Cell TMR-STAR, and nuclei with Hoechst 33342. Fluorescence microscopic images
were excited at 330—385 nm, 460—490 nm, and 510—550 nm. Scale bar: 10 um.

Fluorescence Labeling of BL-tag Fusion Proteins by
the Synthesized Probes. BL-tag was fused to the N-terminus
of epidermal growth factor receptor (EGFR), and the fusion
protein BL-EGFR was expressed on cell surfaces of HEK293T
cells by transfection with a plasmid encoding BL-EGFR. The
cells were incubated with FA or RA, washed three times, and
observed using a fluorescence microscope. The cells generating
BL-EGFR clearly emitted green or red fluorescence at the
plasma membrane (Figure 3A,B). We calculated the average
fluorescence intensity per pixel from BL-EGFR expressing cells
and negative control cells, and compared with each other (see
Figure S4 in Supporting Information). As a result, the fluores-
cence signal from labeled cells by FA or RA was clearly
enhanced compared with the background signal (about 1.8
times), while the fluorescence signal of cells labeled by CA or
CCD was about 10% higher than the background signal.
Therefore, the signal-to-background ratio was largely improved
by FA and RA relative to CA and CCD. Subsequently, the
labeling properties of FCD were investigated. The cells generat-
ing BL-EGFR were labeled by FCD in a labeling procedure
similar to the procedure used for FA and RA (Figure 3C).

Multicol ing by Si Labeling with
BL-tag and SNAP-tag. We applied BL-tag technology to
multicolor imaging of cells in order to demonstrate its wide

versatility. After transfection of HEK293T cells with a plasmid
encoding BL-EGFR, Hoechst 33342, CellTracker Green, and
RA were incubated. Cells were then imaged using different
fluorophores with appropriate filter sets. Each organelle was
confirmed by multicolor fluorescence imaging (Figure 4A). In
addition, BL-tag fusion proteins were found to be labeled with
different color fluorophores (Figure 3). This property is ben-
eficial for pulse-chase fluorescence imaging experiments used
for tracing protein trafficking after various stimulations (30, 31).

Next, multicolor fluorescence labeling of two different target
proteins was performed with another specific protein labeling
system known as SNAP-tag technology. In this experiment,
SNAP-tag was applied as a COX8-2-SNAP fusion plasmid
encoding COX8-2 (subunit 8-2 protein of cytochrome ¢ oxidase)
cloned upstream of SNAP-tag. Cytochrome ¢ oxidase is a
terminal enzyme of the respiratory transport chain and localized
at the inner mitochondrial membrane (32). The COX8-2-SNAP
fusion proteins provide fluorescence in mitochondria when
labeled with SNAP-Cell TMR-Star.

HEK293T cells were co-transfected with BL-EGFR and
COX8-2-SNAP plasmids. The cells were incubated with FA,
SNAP-Cell TMR-Star, and Hoechst 33342, and then washed
three times with DMEM containing 10% FBS prior to imaging
with a fluorescence microscope. Though the co-expression
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Figure 5. Western blot analysis of the EGFR and BL- EGFR expressed
in transfected HEK293T cells after EGF stimulation. (A) Detection of
EGFR with polyclonal anti-EGFR antibody. (B) Detection of TEM-1
with polyclonal anti-f-lactamase antibody. (C) Detection of phospho-
rylated tyrosine at 1197 position with monoclonal anti-EGFR-pY 1197
antibody. (D) Detection of B-actin cytoskeleton with monoclonal anti-
B-actin antibody. Lane 1: BL-EGFR-expressing cells. Lane 2: EGFR-
expressing cells. Lane 3: Cells transfected with an empty plasmid vector.

efficiencies were not very good in this experiment, green
fluorescence derived from FA was observed along the plasma
membrane and red fluorescence from SNAP-Cell substrates in
mitochondria was observed in the same cells (Figure 4B). This
result distinctly indicates that BL-tag and SNAP-tag have
nonoverlapping substrate specificity and can be used simulta-
neously in single cells.

Ligand-Induced Activation of the BL-tag Fusion Pro-
tein. Finally, we demonstrate the low interference of BL-tag
with the function of the target protein EGFR. EGFR is a 170
kDa transmembrane glycoprotein that belongs to a tyrosine
kinase receptor family comprising four members. The intracel-
lular trafficking behavior and ligand-dependent dimerization of
EGFR has attracted great attention (33). It was, however,
reported that the expression and trafficking of EGFR was greatly
disrupted as a result of extracellular GFP fusion and appropriate
expression of the fusion protein was not detected by Western
blot analysis with anti-GFP antibody (34) due to the fact that
the fluorophore formation of GFP strongly depends upon the
structural integrity of the protein (3). The identity of the BL-
EGFR fusion protein was characterized by Western blot analysis
with anti-B-lactamase, anti-EGFR, and anti-EGFR-pY1197
phosphorylation site-specific antibodies. Specific ligand binding
on the extracellular domain of EGFR results in dimerization of
the receptor and subsequent autophosphorylation of the tyrosine
residues, the most predominant of which is pY1197 (35).

HEK293T cells were transfected with fusion proteins or
EGFR plasmids, followed by incubation under serum-starved
conditions. The cells were then stimulated with EGF and
analyzed by Western blot. Naive (nontransfected) HEK293T
cells express extremely low levels of endogenous EGFR as
demonstrated in cells transfected with a control plasmid vector
probed with an anti-EGFR antibody (lane 3 in Figure 5A) (36).
‘When lysates of the cells transfected with EGFR p ids were
probed with an anti-EGFR antibody, one major band was visible
with a molecular weight of about 170 kDa, corresponding to
EGEFR (lane 2 in Figure SA). A single band was also detected
from cells transfected with BL-EGFR. This band appeared in
the slightly upper position of that of EGFR. This is consistent
with the increase of the molecular weight as a result of fusion
of BL-tag to EGFR (lane 1 in Figure 5A). On the other hand,
when the membrane was probed with an anti-B-lactamase
antibody, the immunoblotted band was observed only in the
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lane of the lysate containing BL-EGFR fusion protein (Figure
5B). These results suggest that the BL-EGFR fusion protein
was properly expressed in HEK293T cells.

After stimulation by EGF, phosphorylation of Y1197 was
confirmed using an anti-EGFR-pY 1197 antibody. A single band
shows that phosphorylation was observed in the lanes of cell
lysates containing BL-EGFR or EGFR (lanes 1 and 2 in Figure
5C). In addition, we compared the distribution of BL-EGFR
and EGFR after EGF stimulation by immunofluorescence
staining with anti-EGFR-pY 1197 antibody. Cells expressing BL-
EGFR and EGFR gave the same distribution pattern of
fluorescence responses that demonstrate phosphorylation in the
cells (see Figure S5 in Supporting Information). From these
results, it is evident that the phosphorylation function of EGFR
can be preserved after introduction of the BL-tag to the
extracellular domain of EGFR. All of the results discussed herein
suggest that BL-tag has lower interference than GFP with respect
to the function of EGFR.

In conclusion, we have designed and synthesized various
labeling probes for BL-tag. These new probes have superior
spectroscopic properties relative to the previously reported
probes, CA and CCD. FA and RA can specifically label BL-
tag in living cells, while FCD and RCD possess fluorogenic
properties based on FRET or intramolecular stacking interaction
which provides a useful switching mechanism for protein
labeling probes, as we recently reported (37). The function of
EGFR was found to be considerably preserved after the fusion
of BL-tag to the extracellular domain. This low interference
with the function of the target protein can provide a great
advantage relative to fusion to GFP and should be suitable for
studying the function or trafficking of POIs. Furthermore, BL-
tag technology can be simultaneously used with other protein
labeling methods such as SNAP-tag technology. Orthogonality
of the substrate specificity between BL-tag and SNAP-tag was
also shown.

In the future, a series of labeling probes with various
fluorophores for BL-tag can be applied to a pulse-chase
experiment that can distinguish between young and old copies
of proteins by labeling at different time points with different
fluorophores. Moreover, protein labeling techniques can be used
not only for fluorescence imaging, but also for inducers of
protein—protein interactions. Techniques based on multiple
protein labeling methods are quite useful for studying and
controlling protein—protein interactions (38, 39). Thus, we have
provided a potential tool for practical biological applications.
BL-tag technology can be exploited with conventional protein
labeling methods for the specific labeling of two or more
different proteins within a single cell. Furthermore, combinations
of BL-tag technology with other imaging methods such as MRI
or NIR are expected to contribute to the clarification of various
protein—protein interactions.
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The targeted protein of interest is fused with genetically modified
p-lactamase enzyme, which reacts with the probe in physio-
logical conditions to break the aggregated interaction between
the fluorophore and quencher. This alliance-separation
technique is new for protein labeling and is probed in vitro and
in live cell imaging studies.

Molecular imaging with the aid of fluorescence microscopy
has become an indispensable means to study the proceedings
in living cells, which would be extensively valuable for the
future of medical science. The practical approach involving
chemistry to control modification and monitoring specific
proteins has proved useful." The direct imaging of protein
interactions in single living cells is possible due to the
site-specific labeling of proteins with molecular tags, which is
an authoritative means for studying the structure-function
relationships of proteins.” The rationale of fluorescence
microscopy in cell biology has been thoroughly tailored with
fluorescence proteins.” To conquer the shortcomings intrinsic
to proteins due to the lack of robust modification for target
phenomena and nonfluorogenicity, bright and photostable
small fluorophores can be advantageous over their fluorescent
protein counterparts.* Tetracysteine-tag and its modified
version provided a route for using small molecules in fluoro-
genic labeling and were found to be effective for activation of
G protein-coupled receptors in living cells.” Specificity towards
labeling was observed with SNAP-tag and its modified version
with semisynthetic fluorescent sensor proteins.® In our protein
labeling method our aim was to combine fluorogenicity and
specificity of the probe. Several other protein-" and enzyme-
mediated® labeling methods have enriched the recent literature.
Among the small fluorogenic molecules, fluorescein is approved
by the U.S. Food and Drug Administration (FDA) for
medical use.” Herein, we have chosen fluorescein for our
protein labeling experiment.

Recently we have shown'”

a protein labeling system that
coalesces genetically modified B-lactamase (BL-tag) with low
molecular weight fluorogenic B-lactam probes. The study
concerned FRET to optimize the emission of the probe.
A shortcoming of the strategy involved the suitable choice of
donor fluorophore, acceptor quencher and their application in
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physiological conditions. To surmount the restraint in the
FRET process. our new approach is based on the switching
mechanism involving aggregation followed by elimination
processes. In the modified version, the quenching ability of
the fluorescence quencher does not depend upon the emission
wavelength of the fluorophore, as is desired for an effective
FRET process. In this case the quenching phenomenon is the
intrinsic property of the quencher part.

We have continued our study with the same BL-tag protein.
The reaction of TEM-1 (class A B-lactamases) with B-lactam
rings involves acylation and deacylation steps. Glul66 is
indispensable for the deacylation step,'’ and the mutant
version of TEM-1 (*'%NTEM or BL) restricts the deacylation
step.”” Our aim was to exploit the properties of BL for
covalent attachment with a fluorescent substrate with a better
versatile technique. Here, we present a rationally designed
fluorogenic probe that takes advantage of the aggregation of
fluorophore and quencher. In the aggregated form, the
interaction between the fluorogenic part and the quencher
restricts the emission of the fluorophore. The viability of the
fluorescently labeled BL-tag under physiological situations has
been explored with the newly designed and synthesized a
cephalosporin-based fluorescent probe (FCDNB, Scheme la).
We have used the m-dinitrobenzene (DNB) group as quencher,
whose quenching efficiency is well established.'* The probe
contains 6-carboxyfluorescein as fluorophore and DNB as
quencher and they are connected to different sides of the
B-lactam ring of the central cephalosporin part. A flexible
spacer can control the emission'* and enzyme activity prompts
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Scheme 1 Labeling strategy with (a) structure and (b) labeling state
of the fluorescent probe FCDNB.
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the fluorescence recovery. This inspired us to introduce poly-
ethylene glycol in the newly developed system for better
aggregation interaction and solubility in physiological
conditions. Incubation with BL-tag protein leads to the
subsequent elimination of quencher to label the covalent
modification of the tag protein with the desired fluorophore.
Using this modification, we can achieve a new and better route
to a turn-on fluorescence protein labeling system compared to
our previous FRET analogue under the same physiological
conditions. The advantage of this design principle is robust-
ness towards fluorescein. whose fluorescence intensity was not
casily modified by the previous design,'® since the quenching
mechanism is due to simple molecular interactions.

The labeling mechanism is illustrated in Scheme Ib.
Cleavage of the B-lactam group of FCDNB by Ser70 in BL
produced covalent labeling of the fluorescein to the protein
with concomitant release of DNB. The labeled protein was
detected by irradiating the gel with visible light (1 = 470 nm)
in an SDS-PAGE study. A protein band of ~29 kDa was
observed, exhibiting green fluorescence (Fig. la). To confirm
that the labeling activity is due to the BL-tag, we carried out a
similar experiment with wild-type (WT) TEM-1. In contrast to
BL. incubation of WT M with FCDNB ended with no
labeled fluorescence. Labeling in a biological medium with
HEK?293T cell lysate was also checked. SDS-PAGE analysis
confirmed competent and selective labeling of FCDNB
(Fig. 1b).

Compound 8 (Fig. S27) with only DNB quencher showed
maximum absorption at 364 nm and negligible absorption
after 475 nm in HEPES buffer. whereas there is no iuhﬂdntml
emission of fluorescein in this region (Fig. S3%). The
probability of FRET from fluorescein to the DNB group
can be overruled due to the insignificant overlap of fluorescein
emission and DNB absorbance. The absorption peaks of
fluorescein and the DNB group in FCDNB were obtained at
507 nm and 375 nm. respectively, in HEPES buffer. In
methanol, the absorption peaks for both fluorescein and
DNB were shifted by 10-15 nm (Fig. S47). These positional
shifts suggest a different nature of interaction between the
fluorophore and quencher in the studied media.

The fluorescence quantum yield of FCDNB was found to be
0.05 in 100 mM HEPES buffer. This result confirmed that the
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Fig. 1 FCDNB incubated fluorescence (left) and CBB-stained (right)
gel images of (a) BL and (b) BL mixed with HEK293T cell lysate.
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Fig. 2 (a) Emission spectra of FCDNB in 100 mM HEPES buffer
(pH 7.4) and methanol (conc. of FCDNB 0.5 uM). (b) Time-dependent
emission spectra (e, = 507 nm) of FCDNB in the presence of WT
TEM in 100 mM HEPES buffer (pH 7.4) containing 0.05% DMSO at
25°C

fluorescein emission was sufficiently quenched because of
intramolecular interaction between the fluorophore and
DNB group. 2.4-Dinitroaniline is an efficient intramolecular
fluorescence quencher for fluorescein labeled oligonucleotides.'
The mechanism of fluorescence attenuation can be attributed
to electron-rich aromatic rings that can m-stack with the
electron-poor nitroaromatics.'® The inherent quenching
phenomenon of DNB does not depend upon the nature of
fluorophores, rather it has been found effective in the case of
several fluorogenic probes.'” The quantum yield of FCDNB in
methanol is 0.42. This significant difference of emissions in
these two solutions (Fig. 2a) implies that the aggregation
phenomenon is favorable in the physiological conditions only.
Buffer comparison studies of FCDNB and the DNB-free
version of the probe (FA, Fig. S5%) showed that FCDNB is
sufficiently quenched in each buffer medium (Table S1). A pH
probe fluorescence assay of FCDNB (Fig. S6t) suggests that
emission from fluorescein is more effective at physiological
conditions compared to in acidic medium.

The effects of BL-tag and WT TEM on the emission
properties of the probe were studied. The fluorescence
intensity at 520 nm due to fluorescein was monitored after
the incubation of BL with FCDNB. Slow enhancement of the
fluorescence intensity was observed with time (Fig. S7+). This
indicates that the cleavage of the P-lactam of FCDNB
was performed by BL but the disaggregation followed by
elimination of the DNB group is very slow. The process is
significantly different in case of the incubation study with WT
TEM. The DNB group was eliminated by WT TEM with a
much faster rate and the fluorescence signal increased a
considerable amount (Fig. 2b) as expected due to the favorable
deacylation step of the catalytic activity. The change in
fluorescence enhancement was found to be slow after 4 h.
The initial rate of fluorescence enhancement in the case of WT
TEM was found to be ~20 times that of the BL-tag. This
noticeable difference in the rate of reaction is also due to the
controlled acylation path as a result of mutation at Glul66."
In comparison, emission intensities of fluorescein in FA remain
the same with time for both WT TEM and BL-tag.

The site-specific labeling of target proteins has been probed
by the demonstration of FCDNB on the surface of living cells
(Fig. 3a). For this purpose we have chosen the N-terminus
of epidermal growth factor receptor (EGFR). The target
fluorophore recognizes the transfected protein as a result of
covalent bond formation. The BL-tag fused to the EGFR, and
then it was expressed with HEK293T cells. After treatment
with FCDNB. fluorescence images of the HEK293T cells were
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Fig. 3 (a) Labeling of protein with the probe through the BL-tag.
(b)-(e) Optical microscopic images of FCDNB-labeled HEK293T cells
expressing (b.c) BL-EGFR and (d.e) EGFR. (b.d) DIC images, (c.c)
fluorescence microscopic images. The cell nuclei were stained with
Hoechst 33342. For fluorescence microscope images, the cells were
excited at 330-385 nm for Hoechst 33342, and 460-490 nm for
FCDNB.

taken under an inverted fluorescence microscope. The cell
nuclei were stained with Hoechst 33342. Only the cells
expressing the BL-EGFR fusion protein emitted green
fluorescence as a consequence of specific labeling by the probe
(Fig. 3c). In the case of HEK293T cells expressing the EGFR
protein without any BL-tag, the cell nuclei show only cyan
fluorescence due to Hoechst 33342. In this case no fluorescein-
labeled cell was observed (Fig. 3e).

In conclusion, we have modified our protein labeling
method with an improved and straightforward technique that
merges a BL-tag with a low molecular weight fluorogenic
B-lactam probe. Through appropriate modification of our
probe design. we succeeded in labeling targeted proteins with
a familiar and useful fluorophore in vitro and also in living
cells. Despite the similarity in molecular weight of the BL and
Green Fluorescent Protein (GFP), fluorogenicity can be
introduced through BL-tag technology, which is rather
impossible with GFP. In this tailored version, the system can
be considered as preliminary proof of a newly developed
principle. By introducing a more efficiently quenched probe,
this system can solve the problem of washing procedures after
the labeling method. We are presently engaged in the aspect of
the versatile use of this customized modus operandi with a
range of fluorophores.
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Abstract: A novel photocontrolled compound release system using
liposomes and a caged antimicrobial peptide was developed. The
caged antimicrobial peptide was activated by UV irradiation, resulting
in the formation of pores on the liposome surface to release the
contained fluorophores. The compound release could be observed
using fluorescence measurements and time-lapse fluorescence
microscopy. UV irradiation resulted in a quick release of the inclusion
compounds (within 1 min in most cases) under simulated physi-
ological conditions. The proposed system is expected to be ap-
plicable in a wide range of fields from cell biology to clinical sciences.

Caged compounds are photoactivatable probes that are biologically
or functionally inert prior to their uncaging. Photoactivation of a caged
compound enables the spatiotemporal regulation of various biomol-
ecules of interest in living cells or tissues. Thus, photoactivation
technologies using caged compounds have been used as powerful tools
in recent biological studies. Various caged compounds such as Ca**,
neurotransmitters, nucleotides, peptides, and enzymes have been
reported thus far." Caged compounds provide biologists with valuable
tools for investigating biological phenomena. However, current caging/
uncaging systems require the synthesis of individual caged compounds
for each target biomolecule. Because such syntheses generally entail
complicated and multistep reactions, the development of a new methodol-
ogy is desired for enabling the widespread use of photoactivation
technology that can be applicable to various biomolecules ranging from
small molecules to macromolecules such as proteins and nucleic acids.

We presume that a nano- or microscale photodegradable “cage”
can be used for this purpose. This photoactivation system is essentially
similar to the controlled drug release systems investigated from a
clinical perspective.” Among the various drug carriers, liposomes have
been actively developed;® further, various types of photoinduced drug-
releasing liposomes have been reported. Such functional liposomes
generally consisted of designed lipids such as photoisomeric lipids*
or photocaged lipids.” Very recently, photoinduced drug release
systems using photocaged dendrons® or polymeric microcapsules
functionalized with bacteriorhodopsin’ have also been reported.
Nevertheless, the development of a new and practical photocontrolled
release system is still strongly required. In this paper, we report a novel
photocontrolled release system that works on the basis of a strategy
that is clearly different from previously known strategies.

In our proposed system, a photoresponsive drug carrier was
divided into two parts: a drug carrier and a photoresponsive opener.

" Division of Advanced Science and Biotechnology, Graduate School of Engineering,
Osaka University.
* Immunology Frontier Research Center, Osaka University.
Toho University.
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Chart 1. Structures of TL and BTL
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We selected liposomes as the drug carriers because of their
versatility and biocompatibility. While selecting the photoresponsive
opener, we focused on the membrane-damaging properties of
antimicrobial peptides (AMPs).* AMPs have attracted increasing
attention as a new category of antibiotics. In natural systems, AMPs
target the lipid bilayers of bacterial membranes and kill the bacteria
by disrupting their membranes. AMPs also degrade liposomes
whose compositions are similar to those of the bacterial membrane.
Therefore, we assumed that this membrane-damaging property can
be applied to construct a photocontrolled drug release system.
We designed a protected AMP derivative Bhcmoc-temporin L
(BTL) (Chart 1). BTL consists of a short antimicrobial peptide temporin
L (TL),*¢ which was isolated from the European red frog Rana
temporaria, and a photoremovable 6-bromo-7-hydroxycoumarin-4-
ylmethyloxycarbonyl (Bhcmoc) group.” The Bhcmoc group was
attached to the e-amino group of the Lys. The positively charged amino
acid residues of AMPs play important roles in the bacterial membrane
damaging properties of AMPs.® Thus, protective modification of the
Lys in TL was expected to reduce its membrane damaging properties.
It was assumed that after the protective group was removed using UV
irradiation, its membrane damaging properties would be recovered.
As shown in Figure 1, we expected that the combination of BTL and
a liposome having the same lipid composition as the bacterial outer
membranes would provide a UV-responsive drug release system.
BTL was synthesized in the following two steps: solid-phase
Fmoc peptide synthesis and subsequent modification of the Bhemoc
group (Scheme S1 in the Supporting Information). All the synthetic
procedures were performed on resins, and the final product was
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Figure 1. Sch ic diagram of
antimicrobial peptide.
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Figure 2. CF release from LUVs induced by synthesized compounds. Lipid
concentration: 2.5 g/mL. Error bars indicate the SD (n = 3). (a) Correlation
between CF release and concentration of compounds (circles: TL, squares:
BTL) under dark conditions. (b) Correlation between CF release and UV
irradiation time 7 in the presence of 4 uM compounds (circles: TL, squares:
BTL, triangles: none),

purified by reversed-phase HPLC after the cleavage from the resin
and was identified by ESI-TOF MS.

The UV-light-induced conversion of BTL to TL was confirmed
using HPLC analysis. Over 95% of BTL underwent conversion
within 5 min of UV irradiation; simultaneously a few new peaks
emerged in the HPLC analysis (Figure S1 in the Supporting
Information). One of these new peaks was assigned to TL. Thus,
it was confirmed that BTL was converted to TL using UV light.

Next, we examined whether or not the membrane-damaging
property of TL was nullified by the modification of the Lys residue
with the Bhemoc group. Liposomes containing fluorescence dyes have
been utilized as a standard tool for the evaluation of the membrane-
damaging activities of AMPs and their mimics.'” When the AMPs
disrupt the lipid membrane of the liposomes, the dyes in the liposomes
are released. We prepared large unilamellar vesicles (LUVs) and 5(6)-
carboxyfluorescein (CF) as the encapsulated fluorescence dye. Since
the fluorescence of CF in LUVs is partly quenched because of the
high concentration effect, the collapse of the LUV membrane induces
the increase in the fluorescence. A fraction of the release activity was
estimated using this increase in the fluorescence. As shown in Figure
2a, addition of TL induced the release of CF with a concentration in
the submicromolar range. In contrast, BTL did not induce the leakage
of CF with a several micromolar concentration. These results indicate
that the modification of the Bhemoc group at the Lys of TL drastically
reduced its membrane damaging property. In addition, CD spectra of
TL and BTL showed that substitution at the Lys negatively affects
the a-helix formation in the presence of liposomes (Figure S2 in the
Supporting Information).

Next, the photocontrolled release of CF from LUVs was
examined by using BTL and applying UV irradiation. LUV
solutions were irradiated using a UV lamp for various periods of
time in the presence or absence of BTL. The lamp was then
switched off for 60 s, after which the fluorescence intensities of
the sample were measured. In the presence of BTL, a fraction of
the CF release was dependent on the UV exposure time (Figure
2b). UV irradiation in the absence of BTL did not induce CF release.
Thus, photocontrolled release was achieved by the appropriate
adjustment of the BTL concentration and UV exposure time.

Finally, the applicability of the photocontrolled release system to
fluorescence microscopic studies was examined. Giant unilamellar
vesicles (GUVs) were selected for this purpose, because GUVs have
larger diameters and the changes in their shape can be observed using
optical microscopes. Prepared GUVs containing CF were loaded on a
poly-L-lysine-coated glass-bottom dish and observed using a fluores-
cence microscopic imaging system. The fluorescence images were
captured by the excitation of visible light (A = 460—490 nm). The

BTL -

time (s) o 9 15 21 27 3600

Figure 3. pic images of GUVs CF under UV
irradiation in the presence (12.5 uM) or absence of BTL. Scale bar: 10 um.

GUVs were stable for several hours under the experimental conditions.
When 12.5 uM TL was added, the fluorescence of the GUVs
completely disappeared within 40 s, although the addition of 12.5 uM
BTL did not induce the disruption of GUVs (data not shown). The
GUVs were then irradiated by UV light (4 = 330—385 nm) using a
fluorescence microscope. In the absence of BTL, the GUVs were stable
under the microscopic UV excitation. On the other hand, in the presence
of BTL, leakage of the CF from the GUVs mostly with the membrane
blebbing was observed within tens of seconds under the UV irradiation
(Figure 3). In most cases, the leakage was completed within 1 min.

In conclusion, we developed a novel photocontrolled release system
by combining liposomes and a caged antimicrobial peptide. This system
was experimentally found to be effective for liposomes of different
sizes. The response to UV irradiation was rapid, and the release was
induced under simulated physiological conditions and also under the
experimental conditions of time-lapse fluorescence microscopy. These
data imply that this system could be applicable to fluorescence imaging
for living cells or living animals. Because liposomes tolerate a wide
variety of inclusion compounds from small molecules to macromol-
ecules, this system could enable the development of a universal
photouncaging system that might offer a breakthrough in biological
studies. Further, in terms of clinical applications, this technology might
be applied to other external stimuli such as specific enzyme activities
in diseased tissues. This controlled release system may be useful in a
wide range of research fields from cell biology to clinical medicine.
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Cell-Surface Protein Labeling with Luminescent Nanoparticles through
Biotinylation by Using Mutant f§-Lactamase-Tag Technology

Akimasa Yoshimura,”! Shin Mizukami,® ® Yuichiro Hori,® Shuji Watanabe,® and Kazuya Kikuchi*?

Cell-surface proteins play important roles in various biological
processes. Most of these proteins are classified into groups on
the basis of their functions, such as membrane receptors, ion
channels, or transporters. These proteins transduce biological
signals in response to extracellular signals or transport biologi-
cal substances from outside cells to their interiors. It is there-
fore important to investigate the activities and localization of
cell-surface proteins. Fluorescence imaging with luminescent
quantum dots (QDs) as fluorophores is an established surface
protein identification method.™ QDs are semiconductor nano-
particles with many unique attributes, such as stronger emis-
sion intensities than small molecular dyes and remarkable
resistance to photobleaching. QDs can simultaneously display
different colors when excited by a single wavelength, so multi-
color imaging can be achieved through simple experiments.
Labeling of cell-surface proteins with QDs facilitates investiga-
tion of protein localization, movement, and so on.

To introduce QDs onto proteins of interest (POIs), biotinyla-
tion was exploited, because biotin binds strongly to commer-
cially available streptavidin-conjugated QDs. Biotinylation of
POIs has thus enabled the introduction of various kinds of QDs
onto proteins. Previously, modification of QDs through biotiny-
lation has been performed with a biotin ligase™ or a Halo-
tag.”! In addition, other protein-labeling methods using tag
proteins, tag peptides,”” or enzymes'® are applicable.

We recently developed a novel protein-labeling system
based on the use of mutant p-lactamase (BL-tag) and low-mo-
lecular-weight fluorescent f-lactam probes that involve turn-
on fluorescence switches based on FRET”' or aggregation
quenching.® The fluorophores on these probes are small fluo-
rescent molecules, such as fluorescein, which are prone to
photobleaching. For multicolor fluorescence imaging, we syn-
thesized probes of various colors and applied other protein-
labeling techniques. On the other hand, POls can be labeled
with streptavidin-conjugated functional molecules, for instance
MRI contrast agents, by biotinylation. We therefore report here
a novel biotinylation probe for the BL-tag and demonstrate its
application in multicolor labeling with use of streptavidin-con-
jugated QDs that are resistant to photobleaching. With this
system, pulse-chase labeling of cell-surface protein was ach-
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ieved easily because we used different QDs for the same POls
with different expression timing (Scheme 1).

The labeling activity of BHA for BL-tag was confirmed. Puri-
fied BL-tag protein was incubated with BHA in Tris-HCl buffer
(pH 7.0, 10 mm) at 25°C and then analyzed by Western blot.
The biotinylated protein, which was detected by use of strep-
tavidin-horseradish peroxidase (HRP) and its substrate, were
observed at ~29 kDa (Figure 1A). The reaction rate of BHA and
BL-tag protein was then investigated from the time course of
the band signal in the Western blot (Figure 1B). The reaction
had gone to completion within 60 min under the reaction con-
ditions.

QDs labeling of a cell-surface protein was performed. Cell-
surface proteins fused with BL-tag at their extracellular termini
can be labeled with BHA and streptavidin-conjugated QDs. We
selected epidermal growth factor receptor (EGFR) as the POI
because EGFR is known to be overexpressed in several types
of cancers, such as lung or stomach cancer!” It was also re-
ported that internalization of EGFR transduces the cell prolifer-
ation signals to intracellular milieu. EGFR fused with the BL-tag
at the N terminus (BL-EGFR) was overexpressed on the plasma
membranes of mammalian HEK293T cells. BL-EGFR was then la-
beled with QD605 (A, m.x=0605 nm) in two steps with use of
BHA and streptavidin-conjugated QD605. When the cells were
observed under a confocal laser scanning microscope, only the
cells overexpressing BL-EGFR showed red fluorescence from
the plasma membranes (Figure 2A). No fluorescence was ob-
served from the plasma membranes of the cells overexpressing
EGFR. One-step QDs labeling was also performed. BHA was
mixed with QD605 to form the BHA-QDs conjugate before in-
cubation with HEK293T cells. As a result, QD605 fluorescence
was detected from the plasma membranes of the cells over-
expressing BL-EGFR (Figure S1 in the Supporting Information).

Resistance to photobleaching of the QDs was next com-
pared with the previously reported value for the fluorescein-
based probe FA."® FA is an ampicillin-based fluorescent probe
that contains carboxy fluorescein and can directly bind to BL-
tag (Figure S2 A). QD605 and FA were labeled on BL-EGFR over-
expressed on HEK293T cells, and the labeled cells were then ir-
radiated 16 times at 3 min intervals under a confocal laser fluo-
rescence microscope. The fluorescence of QD605 was stable
and allowed long-term imaging. On the other hand, FA was
gradually bleached by repeated excitation (Figure S2B). The
time course of the averaged fluorescence intensity in the field
of view clearly indicates that QD605 was more resistant to
photobleaching than FA (Figure S2C).

Imaging of EGFR internalization was next performed. It is
well known that stimulation by epidermal growth factor (EGF)
induces migration of cell surface EGFR into cytosol as a com-
ponent of endosomal vesicles. This internalization is an impor-

ChemBioChem 2011, 12, 1031- 1034

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

. @wiLEY T 1031

ONLINE LIBRARY



streptavidin QDs

Scheme 1. Structure of the biotin-labeling probe (BHA) and labeling mechanism.
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Figure 1. A) Western blot of BL-tag incubated with BHA. Protein bands were
visualized by use of streptavidin-conjugated HRP (top) and anti-f-lactamase
antibody (bottom). B) Binding reaction rate of BHA (2 um) and BL-tag (1 um)
at RT in Tris-HCI buffer (pH 7.0, 10 mm). Aliquots of the solution mixture
were analyzed at the indicated time points. The signal intensities were de-
termined from the bands in Western blot.

tant process for EGFR-mediated signal transduction. Although
many studies on the imaging of EGFR internalization have
been reported, by use of a GFP-EGFR fusion protein,"” a fluo-
rescently labeled EGF,"" or anti-EGFR antibody,"? there are few
reports in which cell-surface proteins have been labeled by
QDs. Figure 2B shows time-lapse imaging of the EGF-induced
internalization of BL-EGFR labeled with QD605 in living
HEK293T cells. Before stimulation by EGF, QD605 fluorescence
was localized at the cell surfaces. The fluorescent portions
were gradually internalized into the cytoplasmic regions upon
stimulation with EGF (100 ngmL™"). In the absence of stimula-
tion, no such dynamic fluorescence change was observed
within 30 min.

The pulse-chase imaging of EGFR in living HEK293T cells was
then performed with the aid of BHA and three different QDs.
BL-EGFR was labeled with QD605, QD525, and QD655 18, 24,
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streptavidin

A) B) EGF

Figure 2. A) Labeling of EGFR on surfaces of HEK293T cells. The cells were
costained with Hoechst 33342. Scale bar: 20 um. Phase-contrast microscopic
images of the cells expressing i) BL-EGFR, and ii) EGFR. Fluorescence micro-
scopic images of the cells expressing ii) BL-EGFR, and iv) EGFR. B) Time-lapse

fluorescence imaging of the internalization of BL-EGFR labeled with QD605-
streptavidin by stimulation of EGF (100 ngmL™"). Scale bar =20 pm.

and 30 h after transfection, respectively (Figure 3A). The pur-
pose of this experiment was to label newly expressed protein
with different kinds of QDs and to visualize the time-depen-
dent localization changes, induced by a small amount of EGF
included in the fetal bovine serum (FBS). BL-EGFR expressed in
the first 18 h after transfection was selectively visualized as red
fluorescence, whereas the proteins expressed 18-24 h and 24-
30 h after transfection were labeled in the other fluorescence
colors, which are shown as green and blue, respectively, in Fig-
ure 3B. Although fluorescence of QDs was mostly detected
from the plasma membrane immediately after labeling, some
of them were internalized and fluorescent vesicles could be
detected inside cells 6 h after labeling. From the merged fluo-
rescence images of different QDs, red and green fluorescent
dots can be recognized, so we can distinguish the internalized
EGFRs from the newly expressed EGFRs. As a result, pulse-

ChemBioChem 2011, 12, 1031~ 1034
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Figure 3. A) Schematic representation of the pulse-chase labeling of BL-EGFR labeled with three QDs. B) Fluorescence images of QDs-labeled BL-EGFR 1) 18,

i) 24, and iii) 30 h after transfection. Scale bar =20 um.

chase imaging of EGFR was successful with feasible experimen-
tal setups with BL-tag and QDs; these experiments are not suc-
cessful with use of fluorescent proteins. Imaging was success-
ful with a single excitation laser and a single expressed protein,
so the photochemical characteristics of the QDs were well
suited for monitoring the timing of protein expression.

In conclusion, we have developed a novel biotinylation
probe, BHA, and have demonstrated its application in fluores-
cence imaging of POIs on living cell surfaces. EGFR fused with
BlL-tag was selectively biotinylated and successively labeled
with various colors of QD through streptavidin-biotin binding.
Our previous labeling method, based on small-molecular fluo-
rescent probes, was modified for use with BHA. Because QDs
are more resistant to photobleaching than the fluorescein-
based probe, this technology should be useful for experiments
that require strong excitation. This method was also applicable
to time-lapse fluorescence imaging of EGFR internalization.
Moreover, we successfully labeled proteins at different expres-
sion times on cell surfaces with three different colors of QD.

ChemBioChem 2011, 12, 10311034
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This pulse-chase labeling is a powerful method for studying
dynamic cellular processes, such as biological structure forma-
tion. Furthermore, if near-infrared-fluorescent QDs are used,
this method can be applied to in vivo imaging studies. These
versatile properties of the biotin-labeling technology should
allow studies of various protein functions and lead to the de-
velopment of new drugs or therapeutic approaches.

Experimental Section

Detailed experimental procedures for the synthesis and characteri-
zation of all compounds, as well as a detailed description of all
experiments, are given in the Supporting Information.
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Development of protein labeling techniques with small molecules is enthralling because this
method brings promises for triumph over the limitations of fluorescent proteins in live cell
imaging. This technology deals with the functionalization of proteins with small molecules and is
anticipated to facilitate the expansion of various protein assay methods. A new straightforward
aggregation and elimination-based technique for a protein labeling system has been developed
with a versatile emissive range of fluorophores. These fluorophores have been applied to show
their efficiency for protein labeling by exploiting the same basic principle. A genetically modified
version of class A type p-lactamase has been used as the tag protein (BL-tag). The strength of the
aggregation interaction between a fluorophore and a quencher plays a governing role in the
elimination step of the quencher from the probes, which ultimately controls the swiftness of the
protein labeling strategy. Modulation in the elimination process can be accomplished by the
variation in the nature of the fluorophore. This diversity facilitates the study of the competitive
binding order among the synthesized probes toward the BL-tag labeling method. An aggregation
and elimination-based BL-tag technique has been explored to develop an order of color labeling
from the equimolar mixture of the labeling probe in solutions. The qualitative and quantitative
determination of ordering within the probes toward labeling studies has been executed through
SDS-PAGE and time-dependent fluorescence intensity enhancement measurements, respectively.
The desirable multiple-wavelength fluorescence labeling probes for the BL-tag technology have
been developed and demonstrate broad applicability of this labeling technology to live cell
imaging with coumarin and fluorescein derivatives by using confocal microscopy

in literature. The method based on single-chain variable fragment
(scFv) antibodies and non-covalently bound fluorogenic dyes
was developed.'” Proficiency in molecular biology furnishes the
development of probe designing. and this blending can enable
the modification of labeling experiments. The coalescence of
two orthogonal tagging methods provides access to develop

Introduction

In recent years, research with photosensitive molecular probes
possessing high selectivity has been used for analyzing cellular
processes with several potential applications.' The use of
genetically encoded fluorescent tags has drawn attention toward

the subcellular distributions of many proteins.” An advanced
technique to bring forth photosensitive proteins is the site-specific
labeling of proteins with tailor-made photosensitive small
probes. Several protein mediated labeling methods such as the
tetracysteine tag,” the HaloTag.* the SNAP-tag.” tetraaspartate,®
a-bungarotoxin binding peptide,” combination of tetraserine
and bisboronic acid,* and dihydrofolate reductase’ are known
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Graduate School of Engineering, Osaka University, 2-1 Yamadaoka,
Suita, Osaka 565-0871, Japan.
E-mail: kkikuchi@mls.eng.osaka-u.ac.jp; Web: http:|www-molpro.
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3-1 Yamadaoka, Suita, Osaka 565-0871, Japan
T Electronic supplementary information (ESI) available: Experimental
details, chemical structurt V-Visible absorption spectra, and fluores-
cence spectra of the probes. See DOI: 10.1039/c1mb05013c.

new labeling experiments due to their simultaneous performance.
We have recently shown simultaneous orthogonal labeling of
our technique and the SNAP-tag in cell imaging studies.'’ Other
reports depict the generation of fluorescent labeling techniques
that can be exclusively conjugated to SNAP-tag fusion proteins.'"!*
The choice of color for studying the dynamic processes in
different domains of mammalian cells would be improvised with
multifaceted fluorophores for each of the merged labeling
techniques. Our current approach will be helpful to modify the
technique for multicolor labeling with a genetically modified
B-lactamase protein. In this present work. we have developed a
new technique to determine an order of the studied probes in the
labeling efficiency. which ensued from the aggregation inter-
action energies between the fluorophore and the quencher.

In our earlier studies we have depicted a novel protein labeling
system by conglutination of genetically modified B-lactamase

1766 | Mol. BioSyst,, 2011, 7,1766-1772
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Scheme 1 Reaction mechanism of WT TEM (top) and BL-tag
technique (middle) via control of deacylation step for protein labeling
by EI66N point mutation of class A B-lactamase; (E) enzyme.
(S) substrate, and (P) product; general mechanism of protein labeling
through covalent bond using BL-tag (bottom).

(BL-tag. Scheme 1) with low-molecular-weight fluorogenic
B-lactam probes.'“!""!* In BL-tag technology, the acyl-enzyme
intermediate (Scheme 1) is accumulated by markedly slowing
the deacylation step'* relative to the acylation step with wild-type
(WT) TEM-1 (class A type B-lactamase, hereafter, WT TEM).
We have successfully exploited this property of the mutant to
covalently attach a fluorescent substrate with genetically modified
B-lactamase for the protein labeling technique. We have also
shown that the aggregation and elimination-based strategy is
selectively applicable to the BL-tag labeling method."* Highly
specific covalent labeling properties of this technology are
anticipated to furnish robust tools for investigating protein
functions. These probes have been ascertained to be more
beneficial for fluorogenicity and specificity compared to the
available green fluorescent proteins. Low invasiveness with
respect to the functions of the epidermal growth factor receptor
(EGFR) has been corroborated by this technique. With suitable
sensitivity and swiftness of labeling, this strategy might be
applicable to study protein trafficking in vivo.

To outstrip the limitations of our FRET-based process,
we have recently developed a new approach based on the
switching mechanism involving aggregation followed by
elimination processes between a fluorophore and a quencher'?
(Scheme 1). Now, we have used this straightforward technique
for the generation of controllable color variation in fluorogenic
probes, with a wide range of emission wavelengths, suitable for
protein labeling in living cells. The advantage of this design
principle is robustness toward any fluorophore whose fluores-
cence intensity was not easily modified by the previous FRET-
based design. In this development stage of the tailored version,
we have developed a multiple color palette with different
fluorophores such as coumarin, and 5- and 6-carboxyrhodamine
derivatives, which support the fact that the system does not
necessitate any restriction in fluorophore choice anymore as

ledt

the system adopts the aggregation quenching principle. We
have continued our strategy with the m-dinitrobenzene (DNB)
group as the quencher to study the effect of aggregation
interactions toward the fluorescence enhancement of the
probes with a wide range of emissive fluorophores, which
ultimately controls the quencher elimination step from the
probe. The structures of the newly synthesized probes vary
only in the fluorophoric part in our recent strategic compounds.
The developed order in the BL-tag labeling efficiency of the
probes is the final outcome of the moderated disaggregation
steps of the probe reaction.

Results and discussion
Design and synthesis

The practical utility of the fluorescently labeled BL-tag under
a physiological situation has been explored with the newly
synthesized three cephalosporin-based fluorescent probes with
coumarin (CCDNB, Scheme 2) and rhodamine isomers
(SRCDNB and 6RCDNB, Scheme 2). We have compared the
fluorogenic nature of our new probes with a previous'
fluorescein analog (FCDNB, Scheme 2).

The polyethylene glycol (PEG) spacer was used to ascertain
the aggregation between the fluorophore and the quencher in
each case. The PEG spacer is also beneficial for attaining a
flexible structure of the probes for favorable aggregation
interactions among fluorophores and quenchers. The syntheses
of CCDNB, SRCDNB, and 6RCDNB were performed using
similar procedures to our earlier studies with FCDNB."* The
succinimidyl ester of coumarin and 5(6)-carboxytetramethyl
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Scheme 2 Chemical structures of synthesized fluorescent probes with
different colored tags for protein labeling.
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rhodamine were used for corresponding probe syntheses. Final
rhodamine isomeric products were separated from their mixture
by preparative HPLC. The purities of all the final compounds
were checked by analytical HPLC (Fig. S4-S6. ESIT). '"H NMR.
'*C NMR, and HR-FAB-MS.

Absorption and emission studies of the free probes

Absorption studies of CCDNB, SRCDNB, and 6RCDNB
(Fig. 1) were checked in the 100 mM HEPES buffer (pH 7.4)
and in methanol. The interaction between the fluorophores

and the quencher is reflected in the absorption maxima of

the probes in these two solvents. The maximum interaction
was observed in the case of the CCDNB probe in the HEPES
buffer. Under this physiological condition the absorption
peaks of coumarin and the DNB group in CCDNB were
obtained at 407 and 375 nm respectively. In methanol. the
absorption peaks for coumarin remained at the same position.
whereas the peak position of DNB was blue shifted and
observed at 351 nm (Fig. S7a. ESI%). The literature reported
that the absorption peak due to free N-ethyl-substituted
24-dinitroaniline'® in methanol was quite similar to our
observed value in methanol. The large shift of the DNB
group with a low extinction coefficient value in an aqueous
medium compared to the value reported in the literature'®
was due to the favorable aggregation interaction between
coumarin and the DNB quencher in a physiological pH medium.
In the case of both the rhodamine isomers, the absorption
peaks of rhodamine and the DNB group were obtained at
559 and 359 nm, respectively, in the HEPES buffer. In
methanol. the absorption peaks for both the DNB group
and rhodamine were blue shifted by 5-15 nm (Fig. S7b, ESI¥).
This observation was similar to our previous finding with
fluorescein derivatives in FCDNB."® The well-known capacity
of the DNB group to form r-stack complexes raises the
possibility that aggregation interaction of this type might con-
tribute to the unusual stability of some fluorophore-quencher
complexes.

The emission spectra of the free probes were measured in
physiological pH buffer (Fig. 1) and compared with those in
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Fig. 1 Multicolor absorption and emission region involved in the

aggregation-elimination strategy for BL-tag; normalized absorp-

tion and emission spectra of each probes in 100 mM HEPES buffer
(pH 7.4).

methanol. The fluorescence quantum yields of all the probes
were significantly quenched in the 100 mM HEPES buffer
(Table 1). In the aggregated form, the amount of interaction
energy between the fluorogenic parts of different probes and
the quencher restricts the emission of the fluorophore, which is
reflected in the low quantum yield of the probes under
physiological conditions. 2.4-Dinitroaniline is an efficient intra-
molecular fluorescence quencher for fluorophores with different
emissive regions.'” The mechanism of emission restriction might
be thought to arise from the m-stacking interaction between
highly electron-rich fluorophores and electron-deficient nitro-
aromatics. The reported electron density calculations attributing
to the quenching phenomenon of the DNB group suggests
clectron deficiency on the DNB part.' Theoretical calcula-
tions involving interaction energies between the indirectly
correlated groups with the DNB group confirm its legitimacy
to the rational association between the substituted groups and
the molecular stabilities.'” The inherent quenching pheno-
menon of DNB, which does not depend upon the nature of
fluorophores but rather upon the aggregation technique, has
been found to be effective for several fluorogenic probes. The
quantum vyields of the same probes were much higher in
methanol (Table 1). This significant difference in emissions
in these two solutions (Fig. S8a and S8b, ESIt) implies that the
aggregation phenomenon is favorable only in the aqueous
buffer solution (Fig. S8c., ESIY).

Emission studies of the probes in the presence of the tag protein

To observe the fluorogenicity of the synthesized probes. the
emission spectra of each probe were studied in the presence of
the BL-tag and WT TEM. The reaction in the presence of WT
TEM is catalytic in nature, whereas the BL-tag reaction is
non-catalytic. In the presence of the BL-tag, the quencher part
was eliminated from the CCDNB probe according to our recently
developed strategy.'* This elimination process was reflected in
the fluorescence enhancement of the coumarin probe in the
course of the reaction between the probe and the BL-tag with
time (Fig. 2a). The fluorescence intensity at 450 nm due to
coumarin (4 = 407 nm) was monitored (Fig. 2b) after the
incubation of BL-tag with CCDNB. In the case of both the
rhodamine isomers, the monitored emission wavelength was
575 nm (/e = 558 nm) (Fig. 2c and d). Significantly different
enhancement rates of fluorescence intensities were observed
with time for different fluorophoric parts in successi
(Fig. 3b-d). The elimination step for each probe wa:
nature as the DNB quencher was used in all cases. The
difference in the fluorescence enhancement rate indicates that
the amount of aggregation energy between the fluorophores
and the quencher is different in each case due to the accessibility
of different fluorophores in the probes to the enzyme active site
and this interaction curtails the next step involving disaggrega-
tion followed by elimination of the DNB group. The aggrega-
tion interaction is governed by the electron density as well as
the steric bulk of the fluorophore and the quencher part, which
is expected to vary with the nature of the fluorophore. as the
quencher remains the same for all studied probes. Substantial
increase in the fluorescence enhancement rate is observed in
the case of the incubation study with WT TEM compared
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Table 1 Fluorescence quantum yields of the synthesized probes in physiological pH buffer and in methanol

Solvent

Fluorescence quantum yield

CCDNB

SRCDNB 6RCDNB FCDNB"

100 mM HEPES buffer (pH 7.4)
Methanol

0.04
0.19

0.04 0.06 0.05
0.24 0.25 0.42
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Fig. 2 (a) Time-dependent emission spectra (/ey 407 nm) of
CCDNB (conc. of CCDNB: 1.0 uM) in the presence of BL-tag in
100 mM HEPES buffer (pH 7.4) containing 0.1% DMSO at 25 °C.
(b-d) Change in fluorescence intensities of (b) CCDNB (conc. of
CCDNB: 1.0 uM, and /., = 407 nm), (¢) SRCDNB (conc. of SRCDNB
0.5 M and /. = 558 nm) and (d) 6RCDNB (conc. of 6RCDNB: 0.5 uM,
and /., = 558 nm) with time.
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Fig. 3 Fluorescence (1 and 2) and CBB-stained (3 and 4) gel images
of BL-tag and WT TEM B-lactamase incubated with (a) CCDNB,
(b) SRCDNB, and (¢) 6RCD!

to BL-tag (Fig. 2) for all the probes as the reaction with WT
TEM is catalytic in nature. The DNB group was eliminated
by WT TEM at a faster rate, and the fluorescence signal
increased as expected due to the favorable deacylation step

in the catalytic mechanism. However, the enhancements in the
fluorescence intensities in the case of different probes are not
the same even in the presence of WT TEM. In the case of
incubation of WT TEM with the probe CCDNB, 36% of the
reaction was completed within I min, whereas in other cases
this process was not so fast. Controlled elimination processes
were observed when different probes with varying fluorophores
were used, and the aggregation interaction between the fluoro-
phore and the quencher is the guiding factor for such regulation.
The initial rates of fluorescence enhancement in the case of WT
TEM for all the probes were found to be much higher compared
to the initial rates for the BL-tag. This noticeable difference in the
reaction rates is mainly due to the combination of the controlled
acylation path®” and the ineffective catalytic deacylation step as a
result of mutation at Glul66 of WT TEM.

Protein labeling in vitro

Incubation with the BL-tag protein leads to the subsequent
climination of the quencher in each probe and covalent modifi-
cation of the tag protein with the desired color fluorophore.
To check the versatile range of color monitoring via this
method. SDS-PAGE studies were performed with coumarin-
and rhodamine-based fluorogenic probes. The labeled protein
was detected in each case by irradiating the gel with UV light
(/4 = 350 nm) for CCDNB and with visible light (4 = 550 nm)
for SRCDNB and 6RCDNB (Fig. 3). The corresponding
labeled protein band of ~29 kDa was observed in each case.
In these cases, similar experiments with WT TEM resulted in
no labeled fluorescence in any case due to the lack of covalent
linkage between the enzyme and the probe after the favorable
deacylation step.

Qualitative ordering of labeling efficiencies of the probes

The only difference among the structures of probes is the
nature of fluorophores. To check the possibility of different
kinetic rates of protein labeling among the probes, several
experiments were carried out. The control of the elimination
step for different probes depends upon the aggregation inter-
actions, which led to further studies to observe the effect of
fluorophore in protein labeling by this new strategy. SDS-PAGE
studies were carried out in several batches with the binary
mixture of probes in an equimolar amount to show any
preferential order of fluorophore labeling toward the BL-tag
technique via the aggregation-elimination technique. The
competitive labeling kinetics cannot distinguish between the
two different kinetics steps involved: covalent interaction with
the BL-tag and subsequent elimination of the quencher from
the molecular probe; rather. it is a combined effect for overall
labeling. To avoid confusion arising from the similar emissive
region for rhodamine isomers, they were treated separately in
the mixtures with the other probes. This qualitative study of
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Fig. 4 Fluorescence (left) and CBB-stained (right) gel images of
BL-tag incubated with (a) equimolar mixture of SRCDNB and
FCDNB and (b) equimolar mixture of 6RCDNB and FCDNB.

competitive protein labeling generates a preferential order
among the fluorophores. From the mixture of the S-rhodamine
isomer and fluorescein derivatives, it was found that labeling
was due to the fluorescein fluorophore (Fig. 4a). On the other
hand. labeling was observed by the rhodamine fluorophore
from the mixture of the 6-rhodamine isomer and fluorescein
derivatives (Fig. 4b). These results conclude that the order of
labeling probe is 6GRCDNB > FCDNB > SRCDNB. When the
coumarin derivative was used in any binary mixture, the
labeled protein showed the emission of coumarin irrespective
of labeling by the other probes, except in the case of the
S-rhodamine isomer (Fig. S9 and S10. ESI¥). In the case of a
mixture of the coumarin derivative and the 5-rhodamine
isomer, only coumarin fluorescence was observed without
any rhodamine labeling. However, in the other cases. rhodamine
and fluorescein fluorescence were observed from 6RCDNB
and FCDNB, respectively, along with the coumarin fluores-
cence when they were treated together with 1:1 molar ratio
with CCDNB. The position of the coumarin derivative in the
ordering of the probes could not be fixed from these qualitative
SDS-PAGE studies. This result only supported the following
labeling order: as CCDNB > SRCDNB. In the presence
of an equimolar ternary mixture of CCDNB, SRCDNB, and
FCDNB. the labeling due to coumarin and fluorescein was
observed, without any fluorescence from rhodamine isomers.
On the other hand. coumarin and rhodamine labeling were
observed when a mixture of CCDNB. 6RCDNB, and FCDNB
was used (Fig. S11. ESI¥).

Quantitative ordering of labeling efficiencies of the probes

All the qualitative results were further supported by the time-
dependent fluorescence intensity measurement of the mixtures
in the presence of the BL-tag. This quantitative measurement
provided the order of labeling between all the probes from
their mixtures. The fluorescence enhancement was monitored
only at 450 nm (e = 407 nm) due to coumarin from its
mixture with the other probes in the presence of the BL-tag
(Fig. S12, ESIY). The enhancement rate supported the order of
labeling obtained from SDS-PAGE studies for the rest of the
probes. To find out the exact order of labeling efficiencies
among CCDNB, 6RCDNB. and FCDNB, fluorescence enhance-
ment at 520 nm (/e = 497 nm) and 575 nm (e, = 558 nm)

was monitored for the emission of fluorescein and 6-rhodamine,
respectively, from the mixture of the probes. The fluorescence
enhancement at 520 nm (Fig. 5a) suggests that the binding
efficiency of 6RCDNB is more compared to that of CCDNB.
This is attributed to the lower fluorescence enhancement of
fluorescein in the presence of the 6-rhodamine isomer compared
to the case of fluorescein in the presence of the coumarin
probe. A similar type of experiments used for the monitoring
the fluorescent enhancement due to 6-rhodamine (Fig. 5b) was
used to determine the binding efficiency order of the coumarin
and fluorescein probes. The quantitative result generated
the order 6RCDNB > CCDNB > FCDNB. A combina-
tion of quantitative and qualitative results brought forth the
overall binding efficiencies of the probe toward the BL-tag
technique. The final order was found to be 6RCDNB >
CCDNB > FCDNB > S5RCDNB. This ordering is the overall
effect of disaggregation followed by the elimination step in
BL-tag technology, and both of them are dependent upon the
aggregation interactions between fluorophores and DNB
quenchers.

(a) + FCONB+BLlag (b)
+ FCONB + BRCONB + BLtag
* GRCDNB +BL-tag
; FCONB + 6RCONB + Bl-tag 413510 GRCDNB + CCONB + BLtag
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Fig.5 (a) Time-dependent emission enhancement spectra (e, = 497 nm
and /ey = 520 nm) of FCDNB (conc. of FCDNB: 1.0 uM) in presence
of BL-tag with equimolar amounts of other probes in 100 mM
HEPES buffer (pH 7.4) containing 0.1% DMSO at 25 “C. (b) Time-
dependent emission enhancement spectra (4., = 558 nm and
Jem = 575 nm) of 6RCDNB (conc. of 6RCDNB: 1.0 uM) in presence
of BL-tag with equimolar amount of fluorescein and coumarin
probes in 100 mM HEPES buffer (pH 7.4) containing 0.1% DMSO
at 25 °C

Protein labeling in living cells

In our present study, we used confocal microscopy for site-
specific cell membrane labeling studies with the BL-tag fused
with the N-terminus of the EGFR protein using fluorescein
and coumarin fluorophore-based probes. We have chosen the
probes according to their well-separated excitation wave-
lengths. HEK293T cells expressed with the BL-EGFR fusion
protein were used for site-specific labeling of CCDNB and
FCDNB (Fig. 6). Fluorescence images of the HEK293T cells
were taken after probe treatment. Specific labeling of the cell
membranes expressing the BL-EGFR fusion protein was
observed with CCDNB (Fig. 6a). In the case of FCDNB
(Fig. 6e). the cell membrane labeling was observed to be
similar to that obtained in our previous experiment with an
inverted fluorescence microscope.® On the other hand. in
HEK?293T cells expressed with the EGFR protein without
any BL-tag, neither the coumarin- nor the fluorescein-labeled
cell was observed (Fig. 6¢c and g)
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Fig. 6 Optical microscopic images of (a-d) CCDNB and (¢-h) FCDNB-
labeled HEK293T cells expressing (a.be.f) BL-EGFR and (c.d.g.h)
EGFR. (ac.e.g) Fluorescence microscopic images and (b.d,fh) phase
contrast microscopic images. For fluorescence microscopic images, the
cells were excited by 405 nm and 473 nm laser lights for CCDNB and
FCDNB, respectively.

Conclusions

In conclusion, we have developed a protein labeling method with
comparative wide varieties of fluorophores involving a specific
order for an aggregation and elimination-based BL-tag method.
This technique is now established to be applicable without any
restriction in the choice of the fluorophore, and more precisely.
this technique has control over the reaction kinetics through the
involved aggregation method. Based on appropriate demand of
color for cell imaging, modification of the probe design is
possible to get success in labeling of more than one targeted
protein of interest. The color palette of this technique would help
to combine this method with other methods known in the
literature to tag different proteins in living cell simultaneously.
Modification of the quencher part with more efficient quenched
probes will help to obtain maximum fluorogenicity from this
technique. We are now developing a method to reduce the
incubation period in live cell imaging studies.

Experimental section

See supporting information for full experimental details and the
labeling scheme of protons for assigning 'H NMR of all the
probes (Fig. S2 and S3) and other supporting materials, ESI.

Synthesis of CCDNB. Compound 8 (Fig. SI, ESIT)
(24 mg, 0.3 mmol) and 7-hydroxycoumarin-3-carboxylic acid
N-succinimidyl ester (9 mg. 0.3 mmol) were dissolved in
0.5 mL of N,N-dimethylformamide. To this solution, TEA
(3 mg, 0.3 mmol) was added at 0 °C (Scheme S1. ESI¥). The
reaction was continued for 6 h. The desired product CCDNB
was isolated using preparative HPLC (10 mg, y. 34%). 'H
NMR (DMSO-ds. 400 MHz) 6 1.72 (m, 2H, 2 x a), 1.88
(m, 2H, 2 x b), 3.39-3.57 (m, 22H, | x ¢, 1 xd,2 x e, 2 x f,
4 x g 8xh2xi2xj),408 (br, IH, k), 5.07 (s. IH, 1), 5.18
(d, TH, m), 5.48 (m, 1H. n), 6.81 (d. 1H. 0). 6.88 (dd. 1H.p). 7.19
(d. 1H, q). 7.39 (d, 2H, 2 x 1), 7.74 (d, 2H, 2 x s5), 7.81 (d. 1H,
t), 8.23 (dd, 1H, u), 8.41 (m, 1H, v), 8.77 (s, 1H, w), 8.83
(d. 1H, x), 8.96 (br, 1H, ya), 8.96 (m, 1H, yb), 11.09 (s, 1H, z):
*C NMR (DMSO-dg 100 MHz) 6 28.4 (a, b), 35.4 (). 36.8 (i).
37.2 (), 41.1 (j), 68.5 (m), 68.6 (n), 69.8 (c), 69.9 (g), 70.0 (h),
111.2, 1153, 119.7, 122.2, 123.8, 125.5, 127.9, 129.7, 130.2,

132.0, 134.9, 139.5, 148.3, 148.5, 155.9, 156.6 (Ar), 163.7, 167.9,
168.1, 168.7, 169.4 (C=0); HRMS (C43H4N-0,4S,. FAB+):
Found 980.2464; Calc., 980.2437.

Synthesis of SRCDNB and 6RCDNB. Compound 8
(24 mg, 0.3 mmol) and 5(6)-carboxytetramethylrhodamine.
succinimidyl ester (5(6)-TAMRA, SE) (16 mg, 0.3 mmol)
were dissolved in 0.5 mL of N.N-dimethylformamide. To
this solution. TEA (3 mg, 0.3 mmol) was added at 0 °C
(Scheme S2, ESIt). The reaction was continued for 6 h. The
desired products SRCDNB and 6RCDNB were isolated using
preparative HPLC.

SRCDNB (6.5 mg, y. 18%): '"H NMR (DMSO-ds. 400
MHz) § 1.72 (t, 2H, 2 x a), 1.87 (t, 2H, 2 x b), 2.96
(s, 12H, ¢). 3.40-3.54 (m. I8H, 2 x d. 2 x e, 6 x f), 3.81-4.1
(m, 3H. 2 x j+h,i).5.10 (s, IH. w). 5.18 (d. 1H, 1), 6.51-6.58
(br. 6H, m). 7.21 (d. 1H, n), 7.32(d, 1H. p). 7.37 (d, 2H, 2 x 0),
7.74(d, 2H, 2 x q). 8.22 (d. IH. 1), 8.42 (d, IH, t), 8.48 (s, IH, 5),
8.86 (s, IH. u). 8.99-9.15 (br, 3H. 3 x v): "C NMR (DMSO-ds
100 MHz) 8 28.3 (a. i) 29.4 (b), 31.2 (g). 36.7 (¢). 41.2, 42.6,
44.4 (c,d. j),60.3 (k. 1), 68.3, 73.6 (f), 98.1 (m), 115.2 (n), 119.5,
119.8, 120.5, 121.9, 122.6, 123.6, 125.9, 126.6, 127.3, 127.7,
128.6, 129.6, 130.0, 131.1, 134.6, 148.4 (Ar), 164.6, 165.1,
165.5, 168.4, 169.4, 169.8 (C=0): HRMS (CssHgNogOy6
FAB+); Found 1204.3783; Calc., 1204.3750.

6RCDNB (5 mg, v. 14%); '"H NMR (DMSO-d,, 400 MHz)
6 171 (t, 2H. 2 x a), 1.86 (t, 2H, 2 x b). 2.95 (s, 12H, ¢),
3.40-3.54 (m, 18H. 2 x d, 2 x e, 6 x f), 3.81-3.89 (m, 3H,
2 x j + h),4.06(d, 1H.1), 5.00 (br, IH, w), 5.12(d, IH, 1), 6.51
(br, 6H, m), 7.21 (d, 1H, n), 7.37 (d. 2H, 2 x 0), 7.66 (s, I|H, p),
7.74(d. 2H, 2 x q), 8.08 (d, IH. 1), 8.15 (d, IH, 5), 8.25 (d, IH, 1),
8.85 (d, 1H. u). 8.99 (br, 3H, 3 x v); ’C NMR (DMSO-d;
100 MHz) 0 28.2 (a. i), 29.3 (b. g). 36.6 (e), 41.0 (c, d. j). 60.3
(k. 1). 68.2, 69.6. 69.7, 69.8 (). 97.9 (m). 115.1 (n), 121.3, 123.6,
127.4, 127.8, 128.5, 129.6, 130.0, 131.8, 134.6, 135.6, 139.6,
140.8, 144.3, 148.3, 152.5, 153.6 (Ar), 162.1. 163.6, 165.0,
165.5,168.1, 169.5 (C=0); HRMS (CssHgNoO16S5, FAB+);
Found 1204.3729; Calc.. 1204.3750.
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